Introduction {#S0001}
============

Osteosarcoma (OS), which derives from bone-forming mesenchymal cells, remains the most prevailing aggressive malignant bone tumor.[@CIT0001] It accounts for approximately 5% of all the pediatric tumors and is typically diagnosed in children and young adults between the ages of 10 and 20 years.[@CIT0002] OS normally develops in the proximal end of the long bones and spine and is characterized by high recurrence rate, high malignant potential, and frequent relapses.[@CIT0003],[@CIT0004] The combination treatment involves tumor excision, neoadjuvant therapy, and adjuvant chemotherapy which has notably improved the clinical outcomes and long-term survival of the patients in the last several decades.[@CIT0005] However, about one-third of the OS patients with metastases or recurrence have been observed to have a dismal prognosis.[@CIT0006] Several reports have demonstrated that alterations in the genome and transcriptome contribute towards the pathogenesis of OS;[@CIT0007]--[@CIT0009] unfortunately, many of the putative mechanisms which affect the genesis and development of OS remain to be investigated. Thus, an intensive investigation is crucially needed to study the molecular mechanisms responsible for the formation and progression of OS and its significance to find novel therapeutic targets for anticancer therapy.

MicroRNAs (miRNAs) are a large family of endogenous, non-coding, and short RNA molecules comprising 19--25 nucleotides in length.[@CIT0010] miRNAs have been considered as vital gene regulators. They base-pair with complementary sequences in the 3′-untranslated regions (3′-UTRs) of their target genes causing translational suppression and mRNA cleavage.[@CIT0011] Until now, more than 1,000 miRNAs have been validated in the human genome, and these miRNAs are expected to negatively modulate about 60% of all human protein-coding genes.[@CIT0012] Emerging studies have indicated that miRNAs are abnormally expressed in various human diseases including malignant tumor.[@CIT0013]--[@CIT0016] The dysregulated miRNAs may contribute to the malignant progression of OS and participate in the regulation of many cellular biological processes such as cell proliferation, cell cycle, apoptosis, invasion, and metastasis.[@CIT0017]--[@CIT0019] Consequently, miRNAs can be fascinating therapeutic targets for the treatment of OS patients, and thus, it is imperative to further elucidate the biological functions of miRNAs in the pathogenesis and progression of OS.

Recently, miR-761 has been reported to be downregulated in many types of human cancer, and has been revealed to play important roles in the genesis and progression of cancer.[@CIT0020]--[@CIT0025] However, the biological roles of miR-761 in OS and its underlying mechanism remains largely unknown. In the present study, we detected miR-761 expression in OS and investigated the regulatory effects of miR-761 overexpression on OS progression. In addition, the mechanisms underlying the functional roles of miR-761 in OS pathogenesis were analyzed. Our research provides a novel theoretical basis for the diagnosis and treatment of OS.

Materials and methods {#S0002}
=====================

Human tissue specimens {#S0002-S2001}
----------------------

A total of 61 pairs of OS tissues and the corresponding adjacent normal tissues were collected from patients with OS that were admitted to Affiliated Zhongshan Hospital of Dalian University. Tissues were surgically removed, flash frozen in liquid nitrogen, and stored at −80 °C until further use. All the patients enrolled in the study neither received radiotherapy, chemotherapy, nor any other treatments prior to surgery. This study was approved by the Ethics Committee of Affiliated Zhongshan Hospital of Dalian University, and written informed consent was obtained from all patients before their enrollment.

Cell culture {#S0002-S2002}
------------

Normal human osteoblast cells (hFOB1.19) and four human OS cell lines (U2OS, MG-63, HOS and SAOS-2) were purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA). Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS) and 1% of penicillin/streptomycin was used to culture the cells (Invitrogen, Carlsbad, CA, USA). The cells were incubated at 37 °C in a humidified atmosphere supplied with 5% CO2. Cells in logarithmic growth phase were used for subsequent functional analysis.

Transfection assay {#S0002-S2003}
------------------

Agomir-761, agomir-NC, small interfering RNA (siRNA) targeting Fibroblast growth factor receptor 1 (FGFR1) \[si-FGFR1\], and scrambled control siRNA (si-ctrl) were obtained from Shanghai GenePharma Co Ltd (Shanghai, China). To restore FGFR1 expression, FGFR1 overexpression plasmid (pCMV-FGFR1) and an empty pCMV plasmid were custom synthesized from Integrated Biotech Solutions (Shanghai, China). Transient transfection was conducted using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) diluted in Opti-MEM (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol.

Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) {#S0002-S2004}
----------------------------------------------------------------------

Total RNA was isolated from tissue samples or cells using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). Concentration and quality of the extracted RNA was determined using Nanodrop^®^ ND-1000 spectrophotometer (NanoDrop Technologies; Thermo Fisher Scientific, Inc, Pittsburgh, PA, USA). To quantify miR-761 expression, total RNA was reversed transcribed into complementary DNA (cDNA) using TaqMan miRNA Reverse Transcription Kit (Applied Biosystems, Carlsbad, CA, USA). Further, qPCR was performed using TaqMan miRNA PCR Kit (Applied Biosystems, Carlsbad, CA, USA). To evaluate FGFR1 mRNA expression, cDNA was synthesized from total RNA using PrimeScript™ RT Reagent kit followed by qPCR with SYBR^®^ Premix Ex Taq™ II Kit (both from Takara Bio Inc, Otsu, Japan). miR-761 and FGFR1 mRNA expression were standardized to the expression levels of U6 snRNA and GAPDH, respectively. Relative gene expression was analyzed by the 2^−ΔΔCq^ method.[@CIT0026]

Cell counting kit-8 (CCK-8) assay {#S0002-S2005}
---------------------------------

Transfected cells were incubated at 37 °C supplied with 5% CO~2~ for 24 h, then harvested, and re-suspended in DMEM containing 10% FBS. Transfected cells were seeded in 96-well plates (3000 cells/well). Cell proliferation was determined by CCK-8 assay at different time points: day 0, day 1, day 2, and day 3 after seeding. Overall, 10  μL of CCK-8 solution (Dojindo, Tokyo, Japan) was added into each well and then incubated at 37 °C with 5% CO~2~ for additional 2 h. The absorbance value was determined at 450 nm using an ELISA microplate reader (Bio-Rad Laboratories Inc, Hercules, CA, USA).

Cell apoptosis assay {#S0002-S2006}
--------------------

Annexin V-fluorescein isothiocyanate (FITC) apoptosis detection kit (Biolegend, San Diego, CA, USA) was used to determine cellular apoptosis. Transfected cells were collected, washed thrice with ice-cold phosphate buffered saline (PBS), and then resuspended in 100 µL of binding buffer. The cells were stained with 5 µL Annexin V-FITC and 5 µL propidium iodide in the dark for 30 min and then subjected to flow cytometry (FACScan™; BD Biosciences, Franklin Lakes, NJ, USA) for detecting cell apoptosis.

Transwell migration and invasion assay {#S0002-S2007}
--------------------------------------

Transwell chambers (Corning, Incorporated, Corning, NY, USA) were pre-coated with Matrigel (BD Bioscience, San Jose, CA, USA) and used to evaluate the invasion ability of the cultured cells. Transfected cells were harvested after 48 h of incubation and resuspended in serum-free DMEM. A total of 200 μL serum-free DMEM with 5× 10^5 ^cells was seeded into the upper chamber inserts while the bottom chambers were added with 600 μL DMEM containing 10% FBS. Following 24 h incubation, the non-invaded cells of the upper chamber insert were carefully wiped using a cotton swab. The invaded cells were fixed with 95% methanol, stained with 0.1% crystal violet, and visualized under a microscope. The number of invaded cells was counted from five randomized visual fields for each chamber under a microscope (IX53, Olympus Corporation, Tokyo, Japan). Similarly, transwell migration assay was performed using the transwell chambers which were not coated with Matrigel.

Tumor xenograft assay {#S0002-S2008}
---------------------

All animal model experiments were approved by the Laboratory Animal Ethics Committee of Affiliated Zhongshan Hospital of Dalian University and followed the guidance of Animal Protection Law of the People's Republic of China-2009. 6-week-old BALB/c nude mice were bought from the Shanghai Laboratory Animal Center (Chinese Academy of Sciences, Shanghai, China) and kept under specific pathogen-free conditions. Cells transfected with agomir-761 or agomir-NC were harvested after 24 h of incubation and injected subcutaneously into the flank of nude mice. The width and length of the tumor xenograft was recorded every four days and tumor volumes were calculated using the formula: 1/2×tumor length×tumor width.[@CIT0002] All nude mice were euthanized by cervical dislocation at four weeks after injection. Tumor xenograft was excised and stored until further use.

Bioinformatic analysis and luciferase reporter assay {#S0002-S2009}
----------------------------------------------------

The putative targets of miR-761 were predicted using TargetScan v7.1 ([[www.targetscan.org](http://www.targetscan.org)]{.ul}) and microRNA.org ([[www.microrna.org](http://www.microrna.org)]{.ul}) database.

The human FGFR1 3′-UTR region containing the wild-type (WT) or mutant (MUT) miR-761 binding site was amplified by Shanghai GenePharma Co Ltd, cloned into a pmirGLO luciferase reporter gene (Promega, Madison, WI, USA) and referred as pmirGLO-WT-FGFR1-3′-UTR and pmirGLO-MUT-FGFR1-3′-UTR, respectively. For reporter assay, cells were seeded in a 24-well plate and co-transfected with either pmirGLO-WT-FGFR1-3′-UTR or pmirGLO-MUT-FGFR1-3′-UTR, and treated with agomir-761 or agomir-NC using Lipofectamine 2000. Luciferase activities were measured using dual-luciferase reporter assay (Promega, Madison, WI, USA) at 48 h post-transfection following the manufacturer's instruction. Firefly luciferase activity was standardized to *Renilla* luciferase activity.

Western blot analysis {#S0002-S2010}
---------------------

Transfected cells were lysed in radioimmunoprecipitation Assay buffer (Beyotime Institute of Biotechnology, Haimen, China) after 72 h of incubation. The concentration of total protein was determined using a BCA Protein Assay kit (Beyotime Institute of Biotechnology, Haimen, China). Equivalent proteins were separated by SDS-PAGE (10% polyacrylamide gel) and then transferred onto polyvinylidene difluoride (PVDF) membranes (EMD Millipore, Billerica, MA, USA). The membranes were blocked at room temperature for 2 h with Tris-buffered saline with Tween-20 (TBST) containing 5% dried skimmed milk. Subsequently, the membranes were incubated with primary antibodies overnight at 4 °C. Following three washes with TBST, protein signals were detected using horseradish peroxidase-conjugated secondary antibody (ab6734 and ab205719; Santa Cruz Biotechnology, CA, USA) for 2 h at room temperature and developed using Pierce™ ECL Western Blotting Substrate (Pierce Biotechnology Inc, Rockford, IL, USA). The primary antibodies used in this study were as follows: mouse anti-human monoclonal FGFR1 antibody (ab824; Abcam; Cambridge, MA, USA), rabbit anti-human polyclonal p-PI3K antibody (ab182651; Abcam; Cambridge, MA, USA), mouse anti-human monoclonal pi3k (ab189403; Abcam; Cambridge, MA, USA), mouse anti-human monoclonal p-Akt antibody (sc-81433; Santa Cruz Biotechnology, CA, USA), mouse anti-human monoclonal Akt antibody (sc-56878; Santa Cruz Biotechnology, CA, USA), and mouse anti-human monoclonal GAPDH antibody (sc-47724; Santa Cruz Biotechnology, CA, USA).

Statistical analysis {#S0002-S2011}
--------------------

All data were represented as the mean ± standard deviation (SD). The clinical association analysis was determined with Chi-square test. One-way analysis of variance followed by a Student-Newman-Keuls post-hoc test was used to compare the significant differences between more than two groups. The significant difference between the two groups was analyzed using Student's *t*-test. Spearman's correlation analysis was used to examine the putative expression correlations between miR-761 and FGFR1 mRNA levels in OS tissues. Overall survival was analyzed using the Kaplan-Meier method and the significant difference between overall survival was examined by log-rank test. All statistical analysis were evaluated with SPSS version 18 (SPSS Inc, Chicago, IL, USA). *P* \< 0.05 was considered statistically significant.

Results {#S0003}
=======

Mir-761 is remarkably downregulated in OS {#S0003-S2001}
-----------------------------------------

To evaluate the role of miR-761 in the genesis and progression of OS, we first detected miR-761 expression level in the 61 pairs of OS tissues and corresponding adjacent normal tissues. The RT-qPCR analysis revealed that miR-761 was significantly downregulated in OS tissues compared to its expression in adjacent normal tissues ([Figure 1A](#F0001){ref-type="fig"}, *P*\<0.05). Further, RT-qPCR analysis of in vitro cancer cell lines showed that the expression level of miR-761 was lower in OS cell lines (U2OS, MG-63, HOS, and SAOS-2) compared to its expression in normal human osteoblast cells (hFOB 1.19) ([Figure 1B](#F0001){ref-type="fig"}, *P*\<0.05), thereby supporting the data obtained from OS tissues.Figure 1Relative expression of miR-761 in OS tissues and cell lines. (**A**) miR-761 expression in 61 pairs of OS tissues and corresponding adjacent normal tissues was quantified by RT-qPCR. \**P\<*0.05 vs adjacent normal tissues. (**B**) RT-qPCR was conducted to analyze miR-761 expression in OS cell lines. A normal human osteoblast hFOB1.19 acts as a control. \**P\<*0.05 vs hFOB1.19. (**C**) The Kaplan-Meier method was used to determine the effects of miR-761 expression on overall survival in patients with OS.

To confirm its clinical significance, miRNA data of all OS patients was divided into miR-761-low or miR-761-high expression groups with the median value as cut-off. A low miR-761 expression was positively correlated with the clinical stage (*P*=0.021) and distant metastasis (*P*=0.002) in patients with OS ([Table 1](#T0001){ref-type="table"}). The prognostic significance of miR-761 in patients with OS was also studied where the results indicated that miR-761-low group showed an obvious shorter overall survival compared to patients in miR-761-high group ([Figure 1C](#F0001){ref-type="fig"}, *P*=0.0213). These results implied that miR-761 expression was decreased in OS which may be closely associated with the tumor development.Table 1The relationship between miR-761 and clinicopathological features in patients with OSFactorsmiR-761 expression*P*LowHigh**Age (years)**0.402 \<202023 ≥20117**Gender**0.198 Male1520 Female1610**Tumor size (cm)**0.426 \<52218 ≥5912**Clinical stage**0.021 I-IIA1019 IIB/III2111**Distant metastasis**0.002 Negative1224 Positive196

miR-761 attenuates OS cell proliferation, migration, and invasion and promotes cell apoptosis in vitro {#S0003-S2002}
------------------------------------------------------------------------------------------------------

To illustrate the functional significance of miR-761 in OS progression, U2OS and HOS cell lines were selected for functional assays. The two cell lines were transfected with agomir-761 or agomir-NC. As shown in [Figure 2A](#F0002){ref-type="fig"}, RT-qPCR analysis revealed that miR-761 was significantly overexpressed in U2OS and HOS cells after transfection with agomir-761 (*P*\<0.05). The functional role of miR-761 overexpression in OS cell proliferation and apoptosis was determined using CCK-8 assay and flow cytometry analysis, respectively. The proliferative ability of both the cell lines (U2OS and HOS) was evidently decreased when miR-761 was upregulated ([Figure 2B](#F0002){ref-type="fig"}, *P*\<0.05). Additionally, the ratio of apoptotic cells was found to be increased in U2OS and HOS cells after gain of miR-761 ([Figure 2C](#F0002){ref-type="fig"}, *P*\<0.05). Furthermore, transwell migration and invasion assays were used to determine the significance of miR-761 overexpression on the migration and invasion property of the OS cells in vitro. It was observed that transfection with agomir-761 noticeably suppressed the metastatic ability of U2OS and HOS cells compared to the metastatic capability of cells transfected with agomir-NC ([Figure 2D](#F0002){ref-type="fig"} and [E](#F0002){ref-type="fig"}, *P*\<0.05). These results showed that miR-761 may play a tumor suppressive role in OS progression.Figure 2Resuming miR-761 expression restricts cell proliferation, migration, invasion and induces cell apoptosis in OS. (**A**) U2OS and HOS cells were treated with agomir-NC or agomir-761. RT-qPCR was applied for the determination of transfection efficiency. \**P\<*0.05 vs agomir-NC. (**B**) The proliferation in miR-761 overexpressing-U2OS and HOS cells was evaluated by CCK-8 assay. \**P\<*0.05 vs agomir-NC. (**C**) The proportion of apoptosis U2OS and HOS cells transfected with agomir-NC or agomir-761 was assessed via flow cytometry analysis. \**P\<*0.05 vs agomir-NC. (**D, E**) The migration and invasion of agomir-NC or agomir-761-transfected U2OS and HOS cells was investigated using transwell migration and invasion assays. \**P\<*0.05 vs agomir-NC.

FGFR1 is a direct target gene of miR-761 in OS cells {#S0003-S2003}
----------------------------------------------------

To reveal the mechanisms underlying the suppressive effects of miR-761 in OS cells, the putative targets of miR-761 were analyzed using TargetScan v7.1 and microRNA.org. The bioinformatic analysis predicted that the 3′-UTR of FGFR1 has a potential miR-761 binding site ([Figure 3A](#F0003){ref-type="fig"}). To show a direct relationship between miR-761 and the 3′-UTR of FGFR1, luciferase reporter plasmids were constructed and co-transfected with agomir-761 or agomir-NC in U2OS and HOS cells. Luciferase reporter assay was performed to detect the luciferase activity which revealed that miR-761 overexpression attenuated the luciferase activity of the plasmid expressing wild-type 3′-UTR FGFR1 in U2OS and HOS cells ([Figure 3B](#F0003){ref-type="fig"}, *P*\<0.05). However, when the binding sequences were mutated, there was no inhibitory activity observed.Figure 3FGFR1 is a direct target gene of miR-761 in OS cells. (**A**) The wild-type and mutant miR-761 binding sites in the 3ʹ-UTR of FGFR1. (**B**) Agomir-NC or agomir-761 was co-transfected with pmirGLO-WT-FGFR1-3ʹ-UTR and pmirGLO-MUT-FGFR1-3ʹ-UTR into U2OS and HOS cells. After 48 h culture, luciferase reporter assay was carried out to explore whether the 3ʹ-UTR of FGFR1 could be directly targeted by miR-761. \**P\<*0.05 vs agomir-NC. (**C, D**) The mRNA and protein levels of FGFR1 in U2OS and HOS cells after gain of miR-761 were examined through RT-qPCR and Western blot analysis. \**P\<*0.05 vs agomir-NC. (**E**) RT-qPCR was utilized to quantify FGFR1 mRNA expression in 61 pairs of OS tissues and corresponding adjacent normal tissues. \**P\<*0.05 vs adjacent normal tissues. (**F**) The mRNA level of FGFR1 in OS cell lines (U2OS, MG-63, HOS, and SAOS-2) and normal human osteoblast cells (hFOB 1.19) was determined through RT-qPCR analysis. \**P\<*0.05 vs hFOB1.19. (**G**) The expression correlation between miR-761 and FGFR1 mRNA in OS tissues was analyzed using Spearman's correlation analysis. R^2^=0.3226, *P*\<0.0001.

To investigate whether the endogenous FGFR1 was affected by miR-761, FGFR1 expression was detected in the agomir-761 or agomir-NC transfected U2OS and HOS cells. The FGFR1 mRNA ([Figure 3C](#F0003){ref-type="fig"}, *P*\<0.05) as well as protein ([Figure 3D](#F0003){ref-type="fig"}, *P*\<0.05) levels were significantly decreased in miR-761 overexpressing-U2OS and HOS cells, as shown by RT-qPCR and Western blot analysis. Furthermore, the expression level of FGFR1 mRNA was significantly higher in OS tissues compared to their mRNA levels in adjacent normal tissues ([Figure 3E](#F0003){ref-type="fig"}, *P*\<0.05). The expression of FGFR1 in OS cell lines and normal human osteoblast cells hFOB 1.19 was also detected through RT-qPCR analysis. The mRNA level of FGFR1 was notably increased in all four OS cell lines than in hFOB 1.19 ([Figure 3F](#F0003){ref-type="fig"}, *P*\<0.05). Additionally, an inverse relation between miR-761 and FGFR1 mRNA levels in the OS tissues was revealed using Spearman's correlation analysis ([Figure 3G](#F0003){ref-type="fig"}; R^2^=0.3226, *P*\<0.0001). Collectively, we observed that miR-761 suppressed the expression of FGFR1 by binding directly to its 3′-UTR. Thus, FGFR1 was shown to be a direct target gene of miR-761 in OS cells.

Silencing FGFR1 imitates the tumor-suppressing roles of miR-761 in OS cells {#S0003-S2004}
---------------------------------------------------------------------------

As FGFR1 was identified as a direct target of miR-761 in OS cells, we performed loss-of-function assays to analyze the role of FGFR1 in OS progression. U2OS and HOS cells were transfected with si-FGFR1 or si-ctrl and Western blot analysis was used to determine the transfection efficiency. We observed that the transfection of si-FGFR1 effectively inhibited the expression of FGFR1 in U2OS and HOS cells ([Figure 4A](#F0004){ref-type="fig"}, *P*\<0.05). FGFR1 deficiency significantly decreased proliferation ([Figure 4B](#F0004){ref-type="fig"}, *P*\<0.05) and increased apoptosis ([Figure 4C](#F0004){ref-type="fig"}, *P*\<0.05) in U2OS and HOS cells which was revealed by CCK-8 assay and flow cytometry analysis. Furthermore, transwell migration and invasion assay revealed that the silenced FGFR1 expression remarkably impaired the migratory ([Figure 4D](#F0004){ref-type="fig"}, *P*\<0.05) and invasive ([Figure 4E](#F0004){ref-type="fig"}, *P*\<0.05) capabilities of U2OS and HOS cells. Overall, these results indicated that the functions of FGFR1 silencing in OS cells were similar to the functions stimulated by miR-761-mediated downregulation of FGFR1. Thus, FGFR1 is a downstream target of miR-761 in OS cells.Figure 4Silencing FGFR1 expression inhibits the proliferation, migration, invasion and promotes the apoptosis of OS cells. si-FGFR1 or si-ctrl was transfected into U2OS and HOS cells. (**A**) The protein level of FGFR1 in U2OS and HOS cells after si-FGFR1 or si-ctrl transfection was assessed using Western blotting. \**P\<*0.05 vs si-ctrl. (**B, C**) Cell proliferation and apoptosis in abovementioned cells was measured by CCK-8 assay and flow cytometry analysis. \**P\<*0.05 vs si-ctrl. (**D, E**) Cell migration and invasion in FGFR1 decreasing-U2OS and HOS cells was determined by transwell migration and invasion assays. \**P\<*0.05 vs si-ctrl.

Tumor-suppressing roles of miR-761 in OS cells were mediated by FGFR1 {#S0003-S2005}
---------------------------------------------------------------------

With FGFR1 confirmed as a direct target of miR-761 from the above experiments, we further investigated whether FGFR1 mediated the inhibitory effects of miR-761 upregulation in OS cells. We transfected the U2OS and HOS cells with agomir-761 and pCMV or pCMV-FGFR1. Western blot analysis revealed that the FGFR1 protein expression was decreased on miR-761 overexpression which could be restored in U2OS and HOS cells by pCMV-FGFR1 co-transfection ([Figure 5A](#F0005){ref-type="fig"}, *P*\<0.05). Consistently, functional analysis confirmed that the proliferation ([Figure 5B](#F0005){ref-type="fig"}, *P*\<0.05), apoptosis ([Figure 5C](#F0005){ref-type="fig"}, *P*\<0.05), migration ([Figure 5D](#F0005){ref-type="fig"}, *P*\<0.05) and invasion ([Figure 5E](#F0005){ref-type="fig"}, *P*\<0.05) capabilities of U2OS and HOS cells were affected by miR-761 overexpression. However, co-transfection with pCMV-FGFR1abolished the effects induced by miR-761 upregulation. Thus, these findings showed that the tumor suppressor activity of miR-761 in OS cells was partially mediated by FGFR1.Figure 5FGFR1 restoration counteracts the phenotype resulted from miR-761 overexpression in OS cells. (**A**) Western blotting was carried out to determine FGFR1 expression in U2OS and HOS cells that were co-transfected with agomir-761 and pCMV-FGFR1 or pCMV. \**P\<*0.05 vs agomir-NC. \*\**P\<*0.05 vs agomir-761+pCMV. (**B, C**) The proliferation and apoptosis of U2OS and HOS cells treated as above described was measured via CCK-8 assay and flow cytometry analysis. \**P\<*0.05 vs agomir-NC. \*\**P\<*0.05 vs agomir-761+pCMV. (**D, E**) Transwell migration and invasion assays were employed to detect the migratory and invasive abilities in aforementioned cells. \**P\<*0.05 vs agomir-NC. \*\**P\<*0.05 vs agomir-761+pCMV.

Upregulation of miR-761 inhibits the activation of PI3K/Akt pathway in OS cells through negatively regulating FGFR1 expression {#S0003-S2006}
------------------------------------------------------------------------------------------------------------------------------

Previous studies had reported that the PI3K/Akt pathway was activated by FGFR1 in OS cells.[@CIT0027],[@CIT0028] Accordingly, whether the PI3K/Akt pathway could be negatively regulated by miR-761 in OS cells was investigated in this study. pCMV-FGFR1 or pCMV was co-transfected with agomir-761 in U2OS and HOS cells. Western blotting was used to evaluate the expression levels of important signaling molecules in PI3K/Akt pathway. Restoring miR-761 expression notably reduced the protein levels of p-PI3K and p-Akt in U2OS and HOS cells, and this outcome could be abolished by co-transfection with pCMV-FGFR1 ([Figure 6](#F0006){ref-type="fig"}). These results suggested that miR-761 suppressed the activation of PI3K/Akt pathway in OS cells by decreasing FGFR1 expression.Figure 6miR-761 decreases the activation of PI3K/Akt pathway in OS cells. U2OS and HOS cells were co-transfected with agomir-761 and pCMV-FGFR1 or pCMV. Western blot analysis was carried out to measure the protein expression of p-PI3K, PI3K, p-Akt and Akt.

miR-761 targets FGFR1 to inhibit the tumor growth of OS in vivo {#S0003-S2007}
---------------------------------------------------------------

To determine the influence of miR-761 on tumor growth, we performed tumor xenograft assay by injecting agomir-761-transfected or agomir-NC-transfected HOS cells in nude mice. The results showed that the tumor growth ([Figure 7A](#F0007){ref-type="fig"} and [B](#F0007){ref-type="fig"}, *P*\<0.05) and weight ([Figure 7C](#F0007){ref-type="fig"}, *P*\<0.05) of the xenograft in the agomir-761 group was notably smaller compared to that in the agomir-NC group. Total RNA from tumor xenografts was isolated and RT-qPCR analysis was performed. It revealed that the expression of miR-761 was upregulated in the tumor xenografts isolated from agomir-761-transfected HOS cells ([Figure 7D](#F0007){ref-type="fig"}, *P*\<0.05). Western blot analysis showed that FGFR1, p-PI3K, and p-Akt protein expression was decreased in the agomir-761 group compared to their protein expressions in the agomir-NC group ([Figure 7E](#F0007){ref-type="fig"}). Thus, the results showed that restoring miR-761 expression suppressed the OS tumor growth in vivo by reducing FGFR1 expression and inactivating the PI3K/Akt pathway.Figure 7miR-761 decrease FGFR1 expression to impair OS cell growth in vivo via PI3K/Akt pathway. (**A**) The representative images of tumor xenografts obtained from agomir-NC and agomir-761 groups. (**B**) The growth curve for tumor volumes in tumor xenografts derived from agomir-NC and agomir-761 groups were determined on the basis of the tumor volume detected every 4 days for 4 weeks. \**P\<*0.05 vs agomir-NC. (**C**) The weight of tumor xenografts was measured 4 weeks after injection. \**P\<*0.05 vs agomir-NC. (**D**) Total RNA of tumor xenografts was extracted, and then used for the detection of miR-761 expression. \**P\<*0.05 vs agomir-NC. (**E**) Total protein was isolated from tumor xenografts. The expression of FGFR1, p-PI3K, PI3K, p-Akt and Akt protein was detected via Western blot analysis.

Discussion {#S0004}
==========

Aberration in miRNA expression has been consistently reported in many types of human cancer including OS.[@CIT0029]--[@CIT0031] miRNAs may play either oncogenic or tumor suppressive roles and contribute in the regulation of malignant behavior of OS cells.[@CIT0032]--[@CIT0034] Strategies for prohibiting different types of human malignancy using miRNAs have been proposed in several literatures.[@CIT0035]--[@CIT0037] Thus, the functional roles of miRNAs in the growth mechanism of OS should be investigated which might be useful in finding novel therapeutic strategies for treating patients with OS. We are the first to detect the expression of miR-761 in OS and analyze its clinical significance in patients with OS. Additionally, we investigated the comprehensive roles of miR-761 in OS progression using a series of functional experiments. Notably, the mechanisms responsible for the tumor-suppressing action on miR-761 upregulation in OS cells were also thoroughly analyzed in this study.

miR-761 is downregulated in colorectal[@CIT0020]--[@CIT0022] and ovarian[@CIT0023] cancers. The downregulation of miR-761 is related with the tumor size, tumor grade, and tumor stage in patients with colorectal cancer.[@CIT0020],[@CIT0021] Patients with colorectal cancer having low miR-761 expression show worse 5-year overall survival compared to patients with high miR-761 expression.[@CIT0020] On the contrary, miR-761 is upregulated in non-small cell lung cancer,[@CIT0024],[@CIT0038] breast cancer[@CIT0025] and hepatocellular carcinoma.[@CIT0039] However, there has been no study to investigate the expression level and clinical significance of miR-761 in OS. In this study, we found that miR-761 expression was decreased in OS tissues as well as cell lines. Investigation of the relation between miR-761 expression and clinicopathological features revealed that a low miR-761 expression was correlated to clinical stage and distant metastasis. The overall survival of patients with OS expressing low miR-761 levels was shorter compared to OS patients with high miR-761 expression. These observations suggest that miR-761 is a potential biomarker for the diagnosis and prognosis of patients with OS.

miR-761 is characterized as a tumor-suppressing miRNA in many types of human cancer. For instance, restoring miR-761 expression decreases cell proliferation, cell cycle, colony formation, migration, and invasion in colorectal cancer.[@CIT0020]--[@CIT0022] Moreover, it has been reported that upregulation of miR-761 increases the chemosensitivity of colorectal cancer cells to 5-Fluorouracil.[@CIT0021] Shi and Zhang have reported that restoring miR-761 expression attenuated the proliferation and invasion of ovarian cancer cells.[@CIT0023] On the contrary, miR-761 plays oncogenic roles in non-small cell lung cancer by promoting cell growth and metastasis in vitro.[@CIT0024] In triple-negative breast cancer[@CIT0025] and hepatocellular carcinoma,[@CIT0039] miR-761 overexpression enhances cell growth and metastasis in vitro as well as in vivo. However, the detailed roles of miR-761 in OS have not been reported yet. Here, we showed that the overexpressed miR-761 inhibits the proliferation, migration, and invasion of OS cells in vitro and impaired OS tumor growth in vivo. Further, we also proved that miR-761 overexpression promotes apoptosis in OS cells. These results suggest that miR-761 can be an effective target for the therapy of patients with OS.

In previous studies, several genes such as Rab3D,[@CIT0020] FOXM1,[@CIT0021] HDAC1,[@CIT0022] MSI1,[@CIT0023] ING4,[@CIT0024] TIMP2,[@CIT0024] TRIM29,[@CIT0025] and mitofusin-2[@CIT0039] have been reported to be direct targets of miR-761. In our current study, FGFR1 was confirmed as a direct target gene of miR-761 and its deficiency was essential for the functional activity of miR-761 in OS cells. FGFR1 expression was found to be increased in OS and high FGFR1 expression was significantly correlated with the location of the malignant lesion, advanced clinical stage, and distant metastasis.[@CIT0028] In addition, OS patients with high FGFR1 expression have shown poor response to neo-adjuvant chemotherapy compared to OS patients with low FGFR1 expression.[@CIT0040] It has been reported that FGFR1 upregulation contributes to the malignancy of OS by regulating a number of oncogenic properties such as cell viability, proliferation, apoptosis, metastasis, and epithelial-mesenchymal transition.[@CIT0040]--[@CIT0043] The present study revealed that miR-761 directly targets FGFR1 in OS cells and deactivates the PI3K/Akt pathway cells in vitro as well as in vivo, thereby suppressing OS progression. Thus, silencing FGFR1 using miR-761-mediated targeted therapy can be a promising therapeutic strategy for patients with OS. FGFR1 was also implicated in the regulation of RAS/ERK1/2 pathway,[@CIT0044] Src/NF-κB pathway,[@CIT0045] and Wnt pathway.[@CIT0046] However, in this study, we did not explored whether miR-761 was implicated in the regulation of these pathways. It was a limitation and we will resolve it in the near future.

Conclusion {#S0005}
==========

In conclusion, miR-761 is downregulated in OS and its low expression predicts poor overall survival of patients with OS. Upregulation of miR-761 prohibits OS progression in vitro and in vivo by directly targeting FGFR1 via deactivating the PI3K/Akt pathway. A better understanding of the miR-761-FGFR1-PI3K/Akt pathway in OS may further elucidate the mechanism underlying OS progression and provide a potential target for the anticancer therapy in OS patients.
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